Enamel demineralization is the most undesired side-effect of fixed orthodontic treatments. This study were to develop a novel adhesive that is self-etching instead of using the traditional etching method, and to form a sealant on the enamel to prevent demineralization. 2-methacryloyloxyethyl phosphorylcholine (MPC) and quaternary ammonium dimethylaminohexadecyl methacrylate (DMAHDM) were mixed into a self-etch adhesive (Adper Easy One, 3M, St. Paul, MN, USA; referred to as AEO). Enamel shear bond strength (SBS) was measured. Protein adsorption onto the resins was measured. An oral microcosm biofilm model with saliva was tested. Incorporation of 7.5% MPC and 5% DMAHDM into AEO did not reduce the SBS (p>0.1). AEO with 7.5% MPC+5% DMAHDM had protein adsorption that was only 1/18 that of AEO control. AEO with 7.5% MPC+5% DAMHDM had much stronger antibacterial properties (p<0.05). In conclusion, the new self-etch adhesive with MPC and DAMHDM greatly reduced protein adsorption and inhibited biofilm viability.
INTRODUCTION
Orthodontic treatments are becoming increasingly popular especially among the young people worldwide. However, enamel demineralization is a major complication of these treatments and is regarded as one of the risk factors of fixed orthodontic appliances 1) . This demineralization is caused by prolonged plaque accumulation and acid from biofilms, leading to lower pH around the brackets, and eventually to the formation of white spot lesions (WSLs) 2, 3) . While orthodontic materials and therapy methods have been greatly improved, the incidence of WSLs is still reported to be as high as 50% 4) . Many researchers proposed various methods to prevent WSLs, including oral hygiene, improved dietary habits and the application of topical fluoride 1, 2, 5) . However, these methods are not reliable due to poor patient compliance especially for young patients. Therefore, preventive measures that do not rely on patient cooperation may be more advantageous and effective 2) . Phosphoric acid etching of enamel was introduced by Buonocore in 1955, which has led to breakthroughs in dental restorations and orthodontics 3) . Previous studies have indicated that the conventional phosphoric acid etching system has many drawbacks, including causing enamel surface roughness, removing irreversibly several microns of the enamel layer, demineralization near the brackets and junctions, and enamel fracture and crazing at the time of bracket debonding 6, 7) . Therefore, alternative self-etching adhesive systems have been used for bracket-bonding, which can eliminate the need for a separate etching step and allow for the simultaneous etching and adhesive penetration 6, 8) . Self-etching adhesives not only simplify the clinical operation, but also can form a protective layer on the enamel surface, thus avoiding the negative effects of the traditional method with a separate acid-etching step on enamel [9] [10] [11] [12] . However, the existing self-etching adhesives typically do not contain antibacterial agents to suppress biofilm attachment and buildup. It is highly desired to develop a new antibacterial self-etching adhesive to combat biofilms and WSLs.
Quaternary ammonium methacrylates (QAMs) were synthesized and incorporated into dental resins to obtain antimicrobial properties [13] [14] [15] [16] . The bactericidal efficacy increased with increasing the alkyl chain lengths (CL) of the ammonium groups 17) . Recent studies developed a series of QAMs having CL ranging from 3 to 18 18) . Among these QAMs, dimethylaminohexadecyl methacrylate (DMAHDM) with CL of 16 exhibited the strongest bactericidal efficacy 18) . When salivary proteins separate the antibacterial material surface from the overlaying biofilm, the contact-inhibition efficacy of QAMs was reduced 14) . Salivary proteins on teeth and material surfaces form an acquired pellicle, which is a prerequisite for Novel self-etch adhesive with antibacterial and protein-repellent functions to prevent enamel demineralization bacterial attachment 19, 20) . Therefore, it is desirable for the self-etching adhesive to not only be able to kill bacteria, but also repel salivary protein adhesion on its surface. A protein-repellent zwitterionic polymer, 2-methacryloyloxyethyl phosphorylcholine (MPC), is a methacrylate with a phospholipid polar group in the side chain and is a common biocompatible and hydrophilic biomedical polymer 21) . Characteristics of MPC include histocompatibility, hemocompatibility, hydrophilicity, and resisting protein adsorption and bacterial adhesion 21) . Several biomedical devices containing MPC have been in clinical use 22, 23) . Recently, MPC was incorporated into dental resins for the first time, yielding excellent protein-repellent abilities 15, 24, 25) . However, to date, there has been no report on the incorporation of DMAHDM and MPC into a self-etch adhesive.
The objectives of this study were to develop a protein-repellent and antibacterial self-etch adhesive by incorporating MPC and DMAHDM for the first time.
The following hypotheses were tested: (1) Incorporation of MPC and DMAHDM into the self-etch adhesive would not compromise the enamel-bracket bond strength; (2) the novel self-etch adhesive would have much less protein adsorption than the commercial control; and (3) using dual agents (DMAHDM+MPC) would achieve much greater anti-biofilm potency than using DMAHDM or MPC alone in the self-etch adhesive.
MATERIALS AND METHODS

MPC incorporation
A photo-polymerizable self-etch adhesive (Adper Easy One, 3M, St. Paul, MN, USA), referred to as AEO, was used as the parent system to test the effects of incorporation of antibacterial and protein-repellent agents. Indications for AEO include all classes of tooth cavity restorative fillings with light-curing composites or compomers, core build-ups using light-curing composites, root surface desensitization, and the repair of composite or compomer fillings.
MPC was obtained commercially (Sigma-Aldrich, St. Louis, MO, USA), which was synthesized via a method reported by Ishihara et al. 21) . The MPC powder was mixed with AEO at an MPC/(AEO+MPC) mass fraction of 7.5%. MPC mass fractions >7.5% were not tested due to lower enamel bond strength found in preliminary study. The adhesive with MPC was magnetically-stirred using a bar at a speed of 150 rpm for 24 h to completely dissolve MPC in the AEO adhesive.
DMAHDM incorporation
The synthesis of DMAHDM was based on a modified Menschutkin reaction in which a tertiary amine was reacted with an organo-halide 26, 27) . Briefly, 10 mmol of 2-(dimethylamino)ethyl methacrylate (DMAEMA, Sigma-Aldrich) and 10 mmol of 1-bromohexadecane (BHD, TCI America, Portland, OR, USA) were combined with 3 g of ethanol in a 20 mL scintillation vial. The vial was stirred at 70 o C for 24 h. The solvent was then evaporated, yielding DMAHDM as a clear, colorless and viscousliquid 26, 27) . DMAHDM was mixed into AEO at a DMAHDM/ (AEO+DMAHDM) mass fraction of 5%. DMAHDM mass fractions >5% were not used, because the enamel bond strength was decreased when more DMAHDM was used in preliminary experiments. Accordingly, five groups were tested:
1. Acid-etch control. 37% phosphoric acid (referred to as phosphoric acid control); 2. Self-etch control. AEO control (referred to as AEO control); 3. Protein-repellent self-etch. AEO+7.5% MPC (referred to as 7.5% MPC); 4. Antibacterial self-etch. AEO+5% DMAHDM (referred to as 5% DMAHDM); 5. Protein-repellent and antibacterial self-etch.
AEO+7.5% MPC+5% DMAHDM (referred to as 7.5% MPC+5% DMAHDM).
Enamel shear bond strength (SBS)
One hundred extracted human maxillary first premolars without demineralization of buccal surface were randomly divided into 5 groups of 20 teeth for each group. The criteria for tooth selection included intact buccal enamel that had not been pretreated with chemical agents, no visible cracks, and no enamel irregularities 28) . The teeth were cleaned and polished with a fluoride-free pumice slurry and rubber cups for 10 s, and thoroughly washed and dried with an oil-free air stream 29) . Each tooth was embedded vertically in a self-curing acrylic resin (New Century Dental Materials, Shanghai, China) considering the buccal axis, so that their labial surfaces would be parallel to the force during the shear bond testing. Premolar metal commercial orthodontic brackets (OPK-A, Tomy, Fukushima, Japan) were used and the base surface area was 9.94 mm 2 . The following bonding procedures were performed.
Group 1 samples were bonded following the manufacturers' recommendations and previous studies 30) . Enamel was etched for 30 s with 37% phosphoric acid (Scotchbond, 3M ESPE, St. Paul, MN, USA) and then rinsed for 10 s. The tooth was dried with a stream of air until a chalky white appearance was observed 31) . Then, an RMGI (GC Ortho LC, Fuji, Aichi, Japan) paste was painted on the bracket base and the bracket was positioned and bonded to the enamel surface. A bracket placement plier was used to hold and keep the bracket in position on the center of dental crown. A 300-g force was applied vertically on the bracket for 5 s using a force gauge (SHIMPO, Tokyo, Japan) to ensure a uniform bonding pressure and adhesive thickness 32) . Excess paste around the bracket base was removed and then the specimens were photo-cured (EliparTM S10 LED, 3M Unitek, St. Paul, MS, USA) for a total of 40 s. The curing light was held against the bracket and tooth 10 s each from the mesial, distal, gingival, and occlusal margins at a constant distance of 2 mm and a 45° angle to the enamel surface 33) . For groups 2-5, the AEO self-etch adhesive was coated onto the buccal surface for 20 s, and the applied area was a 1 mm more than the dimension of the bracket 2 Dent Mater J 2018; : -base. The paste was air thinned for 5 s until the film no longer moved, and it was photo-cured for 10 s. Then, an RMGI paste was applied to the bracket base and pressed against the enamel surface. The bracket was light-cured for a total of 40 s as described above 30, 32) . After bonding, each group of samples was randomly divided into two subgroups of 10 specimens each. One subgroup was tested for SBS at 15 min after being bonded 15) . The other subgroup was immersed in artificial saliva at 37°C for 30 days, and then subjected to thermal cycling treatment. Thermal cycling was performed in alternate artificial saliva baths of 5 and 55°C for 30 s of immersion duration per bath; this was counted as 1 cycle. A total of 1,000 cycles were performed. Then the specimens were tested for SBS 34) . For shear bond testing, a chisel was connected to a Universal Testing Machine (AG-IS 500N, SHIMADZU, Kyoto, Japan). The chisel tip was placed on the top part of the bracket. A force was applied to the bracket at a displacement rate of 0.5 mm/min until the bond failed 29, 33) . Enamel SBS was calculated as the force at bond failure divided by the bracket bonded surface area 29, 33) .
Protein adsorption on self-etch adhesive surface
The cover of a 96-well plate (Costar, Corning, Corning, NY, USA) was used for fabricating resin disk specimens of approximately 8 mm in diameter and 0.5 mm in thickness, which were photo-polymerized for 60 s 16) . The cured disks were soaked in 200 mL of water and stirred with a magnetic bar at 100 rpm for 1 h to remove any uncured monomers as in previous studies 35, 36) ; this was to ensure that the subsequent antibacterial effect came from the polymerized resin and not from the leaching of uncured monomers. The samples were then sterilized with ethylene oxide (Anprolene AN 74i, Andersen, Haw River, NC, USA) and de-gassed for 3 days following the manufacturer's instructions 18, 27) . A micro bicinchoninic acid (BCA) method was applied to measure protein adsorption 23, 24) . Each disk was stored in phosphate buffered saline (PBS) for 2 h after being soaking in bovine serum albumin (BSA) (Sigma-Aldrich) solution at 37°C for 2 h. The protein solution had BSA at a concentration of 4.5 g/L, following a previous study 23) . The disks then were placed in fresh PBS by stirring at 300 rpm for 5 min (Bellco Glass, Vineland, NJ, USA), stored in sodium dodecyl sulfate (SDS) at 1% in PBS, and sonicated for 20 min to detach the BSA from the sample surfaces. The BSA concentration in the SDS solution was tested using a protein analysis kit (Pierce BCA protein assay, Thermo Scientific, Rockford, IL, USA). The amount of protein adsorbed on the sample was calculated using the protein concentration 23, 24) . Six samples were used for each group (n=6).
Saliva collection and dental plaque microcosm biofilm model
Dental plaque microcosm biofilm models are ideal for growing microcosm biofilms in vitro, with the advantage of maintaining much of the complexity and heterogeneity of the dental plaque in vivo 37) . Saliva was collected from ten healthy adult donors having natural dentition without active caries or periopathology, and without the use of antibiotics within the last 3 months 25, 38) . The donors did not brush their teeth for 24 h and abstained from food and drink intake for 2 h prior to donating saliva. Stimulated saliva was collected during parafilm chewing and was kept on ice. An equal volume of saliva from each of the ten donors was combined to form the saliva sample. The saliva was diluted in sterile glycerol to a concentration of 70%, and stored at −80°C 39) . The saliva-glycerol stock was added, with 1:50 final dilution, into the growth medium as inoculum 25, 38) . The growth medium contained mucin (type II, porcine, gastric) at a concentration of 2. . The specimens were sterilized in ethylene oxide (Anprolene AN 74i, Andersen). Onepoint-five milliliter of inoculum was added to each well of 24-well plates with a specimen and incubated at 37°C in 5% CO 2 for 8 h. Then, the specimens were transferred to new 24-well plates filled with fresh medium and incubated for 16 h. The specimens were transferred to new 24-well plates with fresh medium and incubated for 24 h. This totaled 2 days of incubation, which was adequate to form relatively mature microcosm biofilms on resins following a previous study 39) .
Live/dead assay Specimens with 2 days mature biofilms were washed with PBS and stained using the BacLight live/dead kit (Molecular Probes, Eugene, OR, USA) 25, 38) . Live bacteria were stained with Syto 9 to produce green fluorescence. Bacteria with compromised membranes were stained with propidium iodide to produce red fluorescence. Images were obtained via an inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA). The area of green staining (live bacteria) was computer with NIS Elements imaging software (Nikon). The area fraction of live bacteria=green staining area/ total area of the image. Six specimens were evaluated for each group. Three randomly-chosen fields of view were photographed from each disk, yielding a total of 18 images for each disk.
MTT Assay of metabolic activity of plaque biofilms
MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is a colorimetric assay that measures the enzymatic reduction of MTT, a yellow tetrazole, to formazan 25, 27) . Disks with biofilms grown for 2 days were transferred to a new 24-well plate and added 1 mL of MTT to each well for 1 h incubation. Then, the specimens were transferred to a new 24-well plate and 1 mL of dimethyl sulfoxide (DMSO) was added to solubilize the formazan crystals, and the plate was incubated for 20 min with gentle mixing in the dark. Then 200 µL of the DMSO solution from each well was collected to a 96-well plate, and its absorbance at 540 nm was measured via a microplate reader (SpectraMax Paradigm, Molecular Devices, Sunnyvale, CA, USA). A higher absorbance is related to a higher formazan concentration, which indicates a higher metabolic activity of the biofilm on the disk 25, 27) .
Statistical analysis
One-way analysis of variance (ANOVA) was performed to detect the significant effects of the different selfetch adhesive on protein-repellent and antibacterial properties. Comparisons of bond strength data were performed with two-way ANOVA to detect the significant effects of immediate and water-aging groups. Tukey's multiple comparison test was used to compare the date at a p value of 0.05.
RESULTS
The enamel SBSs (mean±SD; n=10) are plotted in Fig.  1 . Incorporating 7.5% MPC and 5% DMAHDM into AEO did not decrease the SBS, compared to AEO control (p>0.1). Artificial saliva immersion and the thermal cycling had no significant effects on SBS, compared to that at 15 min after being bonded (p>0.1). Figure 2 plots the amount of protein adsorption on the disks (mean±SD; n=6). Adding 7.5% MPC strongly reduced the protein adsorption, compared to that with 5% DMAHDM and AEO control (p<0.05). The 7.5% MPC+5% DMAHDM group had the same protein adsorption as that with 7.5% MPC alone (p>0.1). Hence, adding DMAHDM had no effect on protein adsorption. AEO with 7.5% MPC+5% DMAHDM had protein adsorption that was 1/18 that of AEO control (p<0.05).
Representative live/dead images of 2-day biofilms grown on the disks are shown in Fig. 3 : (A) AEO control, (B) 7.5% MPC, (C) 5% DMAHDM, and (D) 7.5% MPC+5% DMAHDM. In (E), the area fraction of disk surfaces covered by live bacteria was plotted (mean±SD; n=6). AEO control was fully covered by a layer of primarily live bacteria. Disks with 7.5% MPC had much less bacterial adhesion. Disks with 5% DMAHDM had substantial amounts of dead bacteria. Disks with 7.5% MPC+5% DMAHDM had less (p<0.05) live bacterial coverage, and the biofilms consisted of primarily dead bacteria with red staining.
The metabolic activity of 2-day biofilms on the disk is plotted in Fig. 4 (mean±SD; n=6) . The biofilms on AEO control had the highest metabolic activity. Adding a single agent of MPC or DMAHDM greatly reduced the metabolic activity, compared to AEO control (p<0.05). Incorporating MPC+DMAHDM together in the disks produced the greatest antibacterial effect and the least metabolic activity for the biofilms (p<0.05).
DISCUSSION
To date, there has been no report of a self-etch adhesive that is protein-repellent and antibacterial. The present study developed a self-etching, protein-repellent and antibacterial adhesive for the first time. The hypotheses were proven that incorporation of MPC and DMAHDM into the self-etch adhesive would not compromise the enamel-bracket bond strength; the new self-etch adhesive would have much less protein adsorption than the commercial control; and the dual agents (DMAHDM+MPC) would provide much greater antibiofilm efficacy than using DMAHDM or MPC alone in the self-etch adhesive. Therefore, the bioactive self-etch adhesive containing MPC and DMAHDM is promising (A-D) Representative live/dead staining images of biofilms adherent on self-etch disks cultured for 2 days; (E) area fraction of live bacteria on disks (mean±SD; n=6). The live bacteria were stained green, and the dead bacteria were stained red. When live and dead bacteria were in close proximity or on the top of each other, the staining had yellow or orange colors. AEO with 7.5% MPC+5% DMAHDM greatly decreased bacterial adhesion, and the biofilms consisted of primarily dead bacteria. Dissimilar letters in (E) indicate values that are different from each other (p<0.05).
for orthodontic applications to inhibit biofilm growth and WSLs. There are several advantages in replacing the conventional phosphoric acid etching method with self-etching adhesives. First, the direct bonding of orthodontic brackets to the etched surface of enamel with conventional phosphoric acid dissolves both interprismatic and prismatic enamel, irreversibly removing several microns of the enamel surface. This results in alterations of the enamel structure that can be observed microscopically up to 100 to 200 µm, and the actual enamel loss has been discovered to be from 5 to 50 µm [41] [42] [43] . The loss of surface enamel and subsurface enamel weakens the structure, leading to disintegration or fracture of enamel during debonding of the brackets 7) . Second, regarding the bonding mechanism of selfetch adhesives, it was suggested that, in the self-etch adhesive, phosphoric acid and a methacrylate group were combined into a methacrylate phosphoric ester as the active ingredient of the self-etch adhesive. The acidic group on the methacrylate phosphoric acid ester dissolves the calcium from the hydroxyapatite, and at the same time encapsulates the collagen fiber and hydroxyapatite crystals [44] [45] [46] . Meanwhile, the other adhesive components penetrate into the tooth structure to produce a micromechanical interlocking 47) . The major benefits of using self-etch adhesives are: (1) This simplify the steps for bonding; (2) etching and adhesive are synchronous; and (3) the etching depth and the depth of penetration of the adhesive are identical 9, 48) . Third, orthodontic bracket bonding is a temporary process, and the brackets are removed after the orthodontic therapy is finished. Therefore, the bond strength should be sufficient to avoid bond failure but not so strong as to damage the enamel. It has been suggested that the bracket's bond strength should be around [8] [9] . A recent study showed that, in debonding, there was a 70% risk for enamel damage if the bond strength was greater than 12 MPa, but only 5% risk for enamel damage if the bond strength was less than 12 MPa 50) . The present study showed that the SBS of the acid-etching control group was 12.9 MPa. In contrast, the SBS was 9-10 MPa for self-etch groups 2-5, which was within the clinically acceptable range, and hence the risk of enamel damage was reduced. In addition, while previous studies usually measured the SBS after 1 day, the present study tested the bond strength at 15 min after being bonded. This is because 15 min would be an important time for the orthodontist to start applying forces by arch wires and elastics 15) . Salivary protein adsorption on the material's surface forms an acquired pellicle, which is a medium for the adhesion and aggregation of bacteria 51, 52) . Hydrophobic surfaces were found to adsorb more proteins 15) . MPC is highly hydrophilic and there is a methacrylate with a phospholipid polar group in the side chain 21) . The structure of the phospholipid molecule generally consists of a hydrophilic head (attracted to water) and hydrophobic tail (repelled by water) 53) . When exposed to water, phospholipids will orient themselves into a bilayer in which the hydrophobic tail region faces the inner area of the bilayer, and the hydrophilic head region faces outward to interact with the water 21, 53) . Regarding the protein-repellent mechanism of MPC, it was reported that there is an abundance of free water but no bound water. The bound water could promote protein adsorption, while the large amount of free water around the phosphorylcholine group would repel proteins 54) . In the present study, the self-etch adhesive containing 7.5% MPC reduced protein adsorption to only 1/18 that of control. The antibacterial results confirmed that the self-etch adhesive containing 7.5% MPC had much less bacteria attachment than the control group.
In previous studies, resin-based materials are used as dental restorations and bonding agents 55) . QAMs were shown to be promising for dental applications including incorporation into composites and bonding agents, and materials containing QAMs had strong antibacterial properties 14, 18, 23, 27) . The mode of antibacterial action of QAMs was related to quaternary ammonium causing bacteria lysis by binding to cell membranes, leading to cytoplasmic leakage 14) . When bacterial cells with negative charges contact QAM with positive charges, the electric balance of cell membranes could be disrupted, leading to membrane breakdown 14) . Like a needle bursting a balloon, long cationic polymers can penetrate bacterial cells to disrupt membranes 56) . However, one drawback of QAMs is that the adsorption of salivary proteins on the surfaces could decrease the efficacy of "contact-inhibition" 56) . Indeed, several studies confirmed that a saliva-derived protein film on the cationic antibacterial surface reduced the original bactericidal effect 57, 58) . The enzymatic MTT reduction can be used for assessment of the metabolic activity of microorganisms. When the MTT-formazan crystals are soluble in the organic solvent, it has been generally recognized that absorbance of dissolved formazan in a bacterial culture sample recorded near 540 nm is directly proportional to the number of metabolically active cells 59) . In the present study, adding 5% DMAHDM into AEO reduced the MTT activity to nearly 1/6 that of AEO control. The further addition of MPC made the DMAHDM even more effective. DMAHDM+MPC reduced the biofilm MTT activity to 1/20 of that of AEO control. The reason for this great reduction in biofilm viability is likely that the MPC reduced the protein adsorption on the material, hence there was less protein attachment and more direct material-bacterial contact, thus enhancing the contactinhibition of DMAHDM. In addition, previous studies showed that MPC could repel protein adsorption, but it did not kill the bacteria 15, 24, 25) . Therefore, after MPC had repelled the majority of bacteria attachment, the DMAHDM in AEO would kill the rest of the bacteria 6 Dent Mater J 2018; : -that still attached to the AEO. Therefore, the combined use of MPC with DMAHDM is desirable and can inhibit bacterial growth much more effectively than using either MPC or DMAHDM alone. Further studies are needed to investigate the long-term effectiveness of the self-etch adhesive AEO+MPC+DMAHDM on inhibiting oral biofilm growth and enamel demineralization under in vivo conditions for orthodontic applications. Further studies are also needed to investigate the self-etch adhesive AEO+MPC+DMAHDM for other applications such as coating/protecting root surfaces and bonding all classes of tooth cavity restorations to suppress biofilms and dental caries.
CONCLUSION
The present study developed a bioactive self-etch adhesive with protein-repellent and antibacterial capabilities for the first time. The self-etch adhesive contained MPC to reduce protein attachment, plus DMAHDM for antibacterial properties. The self-etch adhesive with 5% DMAHDM had a strong bactericidal effect. The adhesive with 7.5% MPC repelled protein and bacterial attachment. Furthermore, adding dual agents achieved the greatest reduction in proteins and biofilm growth. Adding MPC and DMAHDM into the self-etch adhesive did not adversely affect the SBS, both after immediate bonding and after 1-month immersion and thermal cycling. The novel self-etch adhesive with MPC and DMAHDM is promising to reduce biofilm formation and inhibit demineralization in tooth structures. And the method of dual agents (MPC+DMAHDM) may have wide applicability to other orthodontic composites, adhesive and cements to combat dental WSL and caries in orthodontic treatment.
